Pressure drop in pipes can be calculated by using the Darcy-Weisbach formula. In order to use this formula, the Darcy friction factor should be known. The best approximation to the Darcy friction factor for turbulent flow is given by the Colebrook-White equation. This equation can only be solved by numerical root finding methods. There are several other approximate correlations to the Darcy friction factor with some relative error compared to the Colebrook-White equation. It was found that in some of these correlations, the percentage error is so small that they can be used directly in place of the Colebrook equation. In this study, a review of several friction factor correlations is performed. Relative error of these correlations is re-evaluated against the Reynolds number for a different value of relative pipe roughness. Also statistical analyses will be given for each correlation.
Introduction
The pressure loss in pipe flow is calculated by using the Darcy-Weisbach equation. The equation is given as:
In equation (1) ΔP is the pressure drop, f is the Darcy friction factor, ρ is the density of the fluid, D is the hydraulic diameter of the pipe and V is the average velocity. The Darcy friction factor (f) depends on the flow regime. For a fully developed laminar flow (Reynolds number Re < 2300) the friction factor can be determined from the Hagen-Poiseuille equation as:
Where, Re is the Reynolds number. The definition of the Re number can be given as follows:
Where ρ is the density and µ is the dynamic viscosity of the fluid. In equation (2) the friction factor changes inversely with the Reynolds number. For the transition region (2300 ≤ Re ≤ 4000) and the turbulent region (Re ≥ 4000) in smooth as well as rough pipe the friction factor can be described by Colebrook-White equation (White 1998) . Some researchers have made alternative correlations to estimate the friction factor in pipes. Clamond (2009) presented a strong, fast and accurate algorithm for solving the Colebrook-like equations. He used the Lambert W-function algorithm which was efficient for the whole range of parameters involved in the Colebrook equation. A review for some explicit approximation of the Colebrook's equation was made by (Genić et al. 2011) . They found that the equation of Zigrang & Sylvester (1982) provides the most accurate value of the friction factor. Ghanbari et al. (2011) developed a friction factor correlation based on the nonlinear multi variable surface fitting tool in MATLAB. The equation correlates the friction factor to the Reynolds number and the relative roughness by means of simple logarithmic and exponential functions. They used statistical analysis to test and validate their model. Samadianfard (2012) used the potential of a genetic programming based technique to calculate the friction factor in turbulent flow. He compared his model with commonly used explicit models for the Colebrook-White equation. He revealed that by using genetic expression programming the friction factor can be identified precisely. Winning & Coole (2013) compared the accuracy and computation efficiency of twelve explicit friction factor equations.
The aim of this work is to make a comprehensive review of several friction factor correlations and compare the relative error of these correlations in order to used them directly in the place of the Colebrook-White equation during the calculation of pressure drop in pipes.
Friction Factor Correlations

Colebrook-White equation
The Colebrook-White equation can be defined as follows (Colebrook & White 1937) . Where ɛ/D is the relative roughness which is the ratio of the mean height of roughness of the pipe to the pipe diameter. As seen from equation (4) the friction factor is a function of the Reynolds number and pipe roughness (є). The Colebrook-White equation cannot be solved directly due to its implicit form as the value of f appears on both side of the equation. In order to solve equation (4) a numerical root finding method, for example the Newton-Raphson method can be used.
Equation (8) is required to be solved iteratively. In order to solve the equation, an initial guess is needed. If the value of the first guess diverges from the exact value, the equation may converge very slowly or may not converge at all. In order to find the first guess value, one of the approximate formulas given below can be used. In this work the Haaland (1983) Moody (1947) developed a relationship that is valid for all ranges of the Reynolds numbers and the relative roughness' as follows.
2.3. Altshul correlation Altshul (1952) which is cited in Genić et al. (2011) gave a friction factor correlation presented as Eq. (10).
Wood correlation
Correlation proposed by Wood (1966) . Its validation region extends for Re >10000 and 10 -5 <  
Churchill correlation
Correlation proposed by Churchill (1973) which is valid only for the turbulent regime and it is similar to the Swamee & Jain correlation (1976) .
Eck correlation
Correlation proposed by Eck (1973) 
2.8. Swamee-Jain correlation Swamee & Jain (1976) 
Churchill correlation (1977)
Correlation proposed by Churchill (1977) which is valid for all ranges of the Reynolds numbers. 
2.10. Chen correlation Chen (1979) proposed the following equation for the friction factor covering all the ranges of the Reynolds number and the relative roughness'.
Round correlation
Correlation proposed by Round (1980) . Its validation region extends for 4×10 3 <Re <4×10 8 , and ɛ between 0 and 0.05.
Shacham correlation
Correlation proposed by Shacham (1980) 
2.13. Barr correlation Barr (1981) gave a friction factor correlation as presented in equation (27). 
2.14. Zigrang & Sylvester correlation Zigrang & Sylvester (1982) developed a relationship that is valid for all ranges of the Reynolds numbers and the relative roughness as follows.
Haaland correlation
An approximate equation is shown by Haaland (1983) . It is valid for turbulent flow (Re>2300). Serghides (1984) equation is an approximation of the implicit Colebrook-White equation. It is valid for all ranges of the Reynolds numbers and the relative roughness' as follows. Tsal (1989) developed a relationship that is valid for 4×10 3 <Re <4×10 8 , and ɛ between 0 and 0.05.
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Tsal correlation
where 0.25 
Monzon-Romeo-Royo correlation
Monzon et al. (2002) developed a relationship that is valid for all ranges of the Reynolds numbers and the relative roughness' as follows. 
Brkic correlation
Brkic (2011) developed two types of relationships to calculate the friction factor as follows.
and   Re ln 1.1Re 1.816 ln ln 1 1.1Re 
Statistical analysis
In the analysis procedure, the existing correlations are compared with the Colebrook-White equation. Five statistical methods are introduced to test the effectiveness of the correlations for each selected relative roughness. The Reynolds number region is divided into N data nodes. The Colebrook-White and aforementioned friction factors are calculated for each data node. Then the proposed statistical methods are applied for these sets of data. These statistical methods are described in equations (65) to (69) 
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The five statistical methods that are used in the comparison can be expressed as follows:
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Results
In this work a comprehensive review for many friction factor correlations that is used in the calculation of pressure drop in pipes are conducted. The variation of relative error against the Reynolds number for different relative roughness (ɛ/D=1e-2, ɛ/D=1e-4, ɛ/D=1e-6 and ɛ/D=1e-8) are examined. In addition, the statistical comparison for each friction factor correlated with the Colebrook's equation for the mentioned relative roughnesses are implemented and reported in Tables 1-4 . Figure 1 depicts the relative error of the Goudar & Sonnad (2008) correlation against the Reynolds number for different relative roughnesses. It is observed that, as the Reynolds number increase, the relative error remains below 1e-9 for the relative roughness of ɛ/D=1e-2, ɛ/D=1e-4, ɛ/D=1e-6 and ɛ/D=1e-8 so that it's very convenient to utilize this correlation instead of the ColebrookWhite equation. Goudar & Sonnad (2008) , Serghides (1984) and Buzzelli (2008) correlations while the Wood (1966) , Altshul (1952) and Tsal (1989) correlations give the worst results with a standard deviation of 2.3426% , 1.4659% and 0.3079% respectively. Table 2 provides the statistical analyses for the relative roughness of 1e-6. It is seen that Goudar & Sonnad (2008) Serghides (1984) and Buzzelli (2008) correlations with a standard deviation of 2.42e-9%, 8.08e-5% and 6.07e-4% correspondingly agrees with the results of the Colebrook-White correlation. On the other hand, the Wood (1966) , Altshul (1952) and Tsal (1989) correlations do not give accurate results for the mentioned relative roughness value. Buzzelli (2008) 0.0118 6.07e-4 0.0118 2.798e-4 -7.87e-5 Goudar-Sonnad (2008) 1.727e-9 2.42e-9 4.097e-9 9.39e-10 9.63e-10 Avci and Karagöz (2009) It is seen that although both graphs have similar trends, the Serghides (1984) correlation with a relative error below 1e-5 is more accurate than the Zigrang & Sylvester (1982) correlation which has a relative error below 1e-4. Figure 4 illustrates the relative error comparisons for the Buzzeli (2008) correlation which can be considered to be another good alternative to the Colebrook-White equation. There is a sharp fall in relative error for ɛ/D=1e-4, ɛ/D=1e-6 and ɛ/D=1e-8 as the Reynolds number approaches the value of 0.056e7 and then there is a slight change. For ɛ/D=1e-2, the relative error remains constant as the Reynolds number increases. Figure 5 shows the relative error of Wood (1966) correlation. For the relative roughness values ɛ/D=1e-2, ɛ/D=1e-4, ɛ/D=1e-6 and ɛ/D=1e-8. The relative error starts to increase linearly until the Reynolds number value of 0.061e7. After that point, there is a slight increase for ɛ/D=1e-6 and ɛ/D=1e-8 as the Reynolds number increases, while for ɛ/D=1e-4, there is a slight decrease. For ɛ/D=1e-2 it continues with the constant Reynolds number value. Table 3 provides the statistical analyses for the relative roughness of 1e-4. It is shown that, while the Goudar-Sonnad (2008) , Serghides (1984) , Zigrang-Sylvester (1979) and Buzzelli (2008) correlations which have a standard deviation of 1.686e-9%, 7.844e-6%, 4.32e-4 and 1.351e-4% correspondingly yield reliable results, Altshul (1952) gives the worst predicted values. Table 4 provides the information corresponding to ε/D = 1e-2. The Goudar & Sonnad (2008) , Serghides (1984) , Buzzelli (2008) and Zigrang & Sylvester (1979) Buzzelli (2008) 3.6797e-5 9.97e-6 3.679e-5 2.897e-5 -1.28e-8 Goudar-Sonnad (2008) -2.487e-9 2.218e-9 3.85e-8 7.669e-10 7.604e-10 Avci and Karagöz (2009 Figure 6 shows the relative error of the Altshul (1947) correlation. Relative error decreases for ɛ/D=1e-4, ɛ/D=1e-6 and ɛ/D=1e-8 with the increase of the Reynolds number. However, for ɛ/D=1e-2, the relative error value stays constant with increasing Reynolds number. Figure 7 shows the relative error of the Tsal (1989) correlation. Relative error decreases for ɛ/D=1e-6 and ɛ/D=1e-8 with the increase of the Reynolds number while for ɛ/D=1e-4 it increases slightly. However, for ɛ/D=1e-2, the relative error value stays constant with the increasing Reynolds number. 
Conclusion
Results gained from error analysis are briefly explained below. If the approximation formulas are scaled in the order of relative error, best results are obtained from the Goudar & Sonnad (2008) and Serghides (1984) correlations. The worst results are gained from the Altshul (1952) and Wood (1966) correlations.
When a comparison is made according to the degree of the relative error, the Goudar & Sonnad (2008) correlation with an error percentage 10 -9 % is very close to the result obtained from the Colebrook-White equation. Then the next best equation is achieved by the Serghides (1984) correlation with an error percentage of 10 -4 % which can also be used practically.
Because of the high precision of the selected correlations, the need for using the Colebrook-White iterative solution seems to be eliminated.
